ABSTRACT: NASA Lewis Research Center (LeRC) is developing the space and ground segment technologies necessary to demonstrate a direct data distribution @I3) system for use in space-to-ground communication links from spacecraft in low-Earth orbit (LEO) to strategically located tracking ground terminals. The key space segment technologies include a K-band (19 GHz) MMICbased transmit phased array antenna, and a multichannel bandwidth-and power-efficient digital encoder/modulator w i t h an aggregate data rate of 622 Mb/s. Along with small (1.8 meter), low-cost tracking terminals on the ground, the D3 system enables affordable distribution of data to the end user or archive facility through interoperability with commercial terrestrial telecommunications networks.
INTRODUCTION
Since the early 1 9 8 0 '~~ NASA's Lewis Research Center (LeRC) has sponsored the development of advanced satellite communications technologies to mitigate the risk of their use in commercial space applications. The most significant demonstration of multiple advanced technologies to date has been LeRC's Advanced Communications Technology Satellite (ACTS), launched in September 1993 [l], [2] . As the nation's first experimental Ka-band satellite, ACTS employs multiple channel, timedivision multiple access (TDMA) 30-GHz uplinks and timedivision multiplexed (TDM) 20-GHz downlinks. Both links use electronically switched spot beams and electronically steered scanning beams. Large (2.2-meter and 3.3-meter) spotbeam reflectors are used onboard the ACTS to reduce the size of the ground terminal reflectors.
Since the mid-1990's numerous domestic and international systems have been proposed for constellations of commercial communications satellites in both geostationary Earth orbit (GEO) like ACTS, and low Earth orbit (LEO) as well. Some of the proposed systems will employ K-or Ka-band space-to-ground links for communications at hundreds of Megabits per second (Mb/s) between the spacecraft and terrestrial gateway terminals. The first of these systems is slated to become operational before the turn of the century, with many more to follow in the next decade.
In the same timefiame, a series of both commercial and government remote sensing and science spacecraft in LEO are also planned. Each will be equipped with a variety of high-resolution imaging systems and on-board storage. Some will have to store up to tens of Gigabytes of data before an opportunity to transmit the data becomes available. As well, the International Space Station will collect large amounts of mission video and experiment data that must eventually be delivered to principle investigators and archive facilities on the Earth.
There are several alternatives for data distribution from LEO spacecraft. The first of those is to establish nearly continuous return links through GEO relay satellites 22,000 miles away, such as NASA's Tracking and Data Relay Satellites (TDRS), or hture commercial GEO communications satellites. At data rates of tens of Mb/s such space-to-space links will typically use mechanically steered reflectors with high gain on the LEO spacecraft to overcome significant free-space path loss. The GEO relay spacecraft must also dedicate a tracking communications system for each supported spacecraft in LEO, or schedule periods where both the LEO spacecraft and the GEO relay satellite are in view of each other and within the tracking capability of both systems. Links via commercial LEO and medium Earth orbit (MEO) satellite netwqrks may become a viable option in the future. Direct instrument readout with continuous broadcast to scattdted ground terminals around the world at data rates to hdndreds of kilobits per second (kb/s) is another appruach. The direct data distribution (D3) system described throughout this paper and illustrated in Figure  1 , ertiploys advanced component technology in both the space and ground segments, to provide an economically and 4chnically attractive alternative to any of the above apprqaches.
A Convergence of Applications and Technologies
The D3 concept described in this paper represents the convergence of multiple commercial and government applications for high data rate downlinks mentioned above, and multiple advanced technologies that are nearing readiness for system level demonstration. These technologies include: (1) electronically steered, K-band power-efficient wideband multichannel digital coded modulation; and (3) low-cost, autonomous tracking Earth terminals with terrestrial network interfaces.
transmit phased array ante-;
(2) bandwidth-and To help reduce the risk of using advanced technologies such as transmit phased arrays and efficient digital modulation in commercial and government applications, NASA LeRC intends to develop hardware models of both and to demonstrate their synergistic performance in space flight of opportunity, such as a Hitchhiker experiment on the Space Shuttle. While these technologies are likely to be used in a variety of applications from commercial LEO satellite communications to scientific or remote sensing spacecraft, this paper will focus on a D3 system used in a commercial remote sensing or NASA science data return application that can tolerate some latency in data delivery. However, similar tradeoffs and analyses are required for a communications satellite-to-gateway application. In the following sections of this paper, the baseline requirements for a composite of the most common LEO science applications that will benefit from D3 will be presented, including link budgets, on-board storage requirements, and ground terminal tracking requirements. The characteristics of the proposed space segment will be described, including the phased array and encoder/modulator, and the features of the tracking ground terminal will be presented.
BASELINE REQUIREMENTS
Design of a D3 system for a specific application involves a tradeoff analysis of many factors. Among these are: (1) the coverage required per spacecraft, which largely determines the number and location of ground terminals; (2) the spacecraft orbit, which determines the time that the spacecraft is in view of a particular ground terminal and the number of passes it will make over the ground station; (3) the amount of stored mission data that needs to be delivered to the ground, which together with the limited ground terminal view time and number of ground terminals determines the data rate that must be employed on the space-to-ground link; (4) the storage capacity onboard the spacecraft -fewer ground terminals means more on-board storage or higher burst rates; and ( 5 ) the technical characteristics of the space-to-ground link itself. These determine the maximum data rate on the communications link and how long it can be maintained on a given pass. Important link parameters include the array effective isotropic radiated power (EIRP) and scanning capability of the array; modulation/coding scheme and modem design; frequency band of operation and spectrum available; and ground terminal size and tracking capability. These aspects of a D3 system are discussed below.
Space Segment Characteristics
Key design considerations for the space segment include the spacecraft orbital characteristics, onboard storage requirements, and frequency band of operation.
Orbital Characteristics
Typical orbits for D3 systems under consideration will have altitudes in the range of 400-800 km Nmi). are sp cified at 0" scan angle. As will be described later, such t 'gh power K-band arrays are being developed.
Althodgh not shown, a GEO space-to-ground link using these dame arrays at these two data rates would require a significantly larger ground terminal, on the order of 40-70 meterd, due to an additional 30 dB of free space path loss. 
On-board Storage
On-board storage requirements will depend on a number of factors including: the spacecraft orbit; number and location of ground terminals; ground terminal time in view; the rate at which data is generated by the spacecraft instruments; and downlink burst data rate. Instrument raw data generation rates may vary over a wide range from tens or hundreds of kb/s for a spectrometer or microwave radiometer to tens or hundreds of Mb/s for a synthetic aperture radar or multi-spectral imager. Ground terminal contact time statistics for a given distribution of stations can be found using orbit simulation software. For example, a spacecraft in a 600 km sun-synchronous orbit (97.8" inclination) will typically pass over a low to mid-latitude ground station (e.g. Cleveland or Houston) 2-3 times per day and a high latitude station (e.g. Fairbanks) 4-5 times per day.
The average pass duration (not the maximum as listed in closer to the poles for polar orbiting satellite systems), can allow data to be downlinked more frequently and thus reduce the required on-board storage capacity.
Ground Terminal Characteristics

Tracking Requirements
The D3 ground terminal must consist of all the basic subsystems needed to acquire mission data from a spacecraft and its instruments and relay it to end users, either co-located with the terminal, or quite some distance away. One or more ground terminal in a network may also have additional telemetry and command equipment to monitor and control the on-board instruments and payload if this function is not provided through another link to the spacecraft. A variety of solutions are currently available for this function. However, the focus of this paper is the direct data downlink from space in K-band.
In one possible configuration for the outdoor portion of the ground terminal, the antenna subsystem would consist of the reflector and low-noise receiver, the antenna mount, associated tracking positioner, servo motors, and software to control the antenna pointing, and the feeds and transmission lines which carry RF signals to the rest of the RF equipment in the indoor portion of the terminal.
For tracking LEO spacecraft, the ground antenna must be able to be steered over essentially the entire visible hemisphere. To minimize losses, communications should only take place when the spacecraft is at least 20" above the horizon. Antenna pointing may be accomplished either in an open-loop mode using software which predicts satellite ephemeris, or closed-loop mode in which an autotracker uses the received signal itself to steer the antenna. At additional cost, tracking terminals that operate in both modes can be specified. Table 1 showed that the maxi" angular tracking rate required for the ground terminal ranges fiom about OS"/sec (for an 800-km orbit) to about l.O"/sec (400-km orbit). The use of higher K-band frequencies places additional demands on the antenna pointing and tracking since the half-power beamwidth (HPBW) is much narrower. For example, a 1.8-meter dish will have a 0.6" beamwidth at 19 GHz. At S-band frequencies by contrast, the same size dish would have a HPBW on the order of 6". This means that even if the spacecraft position is known precisely, the K-band ground terminal must still be able to point to within f (0.2" -0.3") accuracy to keep pointing loss to 3 dB or less.
The receive subsystem amplifies and filters the downlink carrier, downconverts it to an intermediate frequency while compensating for Doppler shift, and demodulates and decodes the signal for the data handling and storage system. The maximum Doppler shift will depend on the maximum line-of-sight (LOS) velocity (shown in 
Demonstration Heritage
The active phased array antenna that will be used in a D3 space experiment, builds upon the very successful development and demonstration of active MMIC-based phased arrays used in two separate ACTS mobile communications experiments [3] . One demonstrated a link between a NASA Lear Jet and the ACTS, while the other closed a link between an Army HMMWV and the ACTS. Both demonstrations used a 3O-GI-k transmit tracking phased array antenna that was built under a NASA contract with Texas Instruments (TI) for the uplink to the ACTS.
The TI 30-GHz active phased array was a 32-element array that used 100-mW distributed MMIC amplifiers to generate approximately 22.8 dBW of EIRP. The antenna was capable of electronically scanning k3Odegrees from boresight, with a physical size of 33 cm by 67 cm. The radiating elements were composed of microstrip, cavitybacked patches with an interelement spacing of 0.8h (0.9 cm) [4] . The relatively low EIRP enabled an average link data rate of approximately 20 kb/s, suitable for low rate data transmission, and ideal for audio (telephonic) transmission, which was the objective of the demonstration; however, slow-scanned video and imagery transmission was also achieved during clear sky transmission times when data rates of 38 kb/s were possible.
D3 Demonstration Antenna
The D3 space experiment antenna (supporting an aggregate data throughput of up to 622 Mb/s from up to four, independently modulated channels) is being developed through a NASA Cooperative Agreement with
. This array consists of a 224element active phased array composed of microstrip patch radiating elements. Two different solid-state power amplifiers will be used to generate the required 37.8 dBW of circularly polarized EIRP at the maximum scan angle. The 100 central elements will use 300 mW amplifiers, while the remaining 124 elements will use 75 mW amplifiers. This will produce an amplitude tapering across the array which w i l l reduce sidelobe levels. The physical dimensions of the array will be 13.2-cm by 12.9-cm, based on an interelement equilateral-triangular spacing of 0.6h (0.94-cm). This configuration yields a halfpower beamwidth of approximately 6O, at boresight, which translates to an Earth surface beam contour radius of approximately 50 km. The antenna will be limited to a scan angle of fi8.7" from boresight (nadir) to minimize scan loss and grating lobe visibility while optimizing link duration. The estimated mass of the antenna is 2.3 kg, with an estimated volume of 500 cm3. Figure 3 illustrates the multilayered construction that supports the compact design of the antenna. 
DIGITAL ENCODEWMODULATOR
In order to meet the needs of the widest range of D3 system applications, a flexible downlink modulation system is needed.
NASA LeRC has developed a modular and programmable digital encoder/modulator @EM) [6], shown in Figure 4 that will serve as the foundation for multichannel implementation in space qualified hardware. The architecture of the DEM provides a level of mission design flexibility allowing the same package to be used on many spacecraft with widely ~aried communications needs. The DEM provides data rates and quality of service (QoS) that is compatible with emerging commercial standards for hybrid space/ terrestrial communications networks such as the rated services digital network (B-ISDN) In hdition to higher order techniques, combined concatenated coding technique provides 2.34 bitshymbol and requires -6.4 dB E n o to obtain a BER of lo6. Extrapolation yields an estimated -7.2 dB to obtain a BER of 1 O-I2. Digital filtering and upconversion are used to limit the degradation from theory.
. , , . , , to 8-PSK [9] . As shown in Figure 5 , the For the space based D3 demonstrations a version of the DEM that would support the OC-12 data rate of 622-Mb/s will be developed. One option is the development of an application specific integrated circuit (ASIC) in a high-speed digital process technology, such as ECL, GaAs, or SiGe. Another option is to stack four 155-Mbh modulators in frequency, in an orthogonal frequency division multiplexing (OFDM) scheme. While both approaches are currently under investigation at NASA LeRC, the latter affords several benefits including: the ability to fabricate in commercially available radiationhard CMOS technology; lower symbol rate; improved system reliability through an "m-for-n" sparing strategy (e.g. 5 on-board encoder/modulators with up to 4 operating at any one time); and operational flexibility to downlink at different aggregate data rates to different classes (sizes) of user terminals, or multiple independent users in the same locale.
SICOM, Incorporated, in collaboration with NASA LeRC, is designing a custom CMOS chip-set rapid acquisition digital data (RADD) modem using DEM technology. The RADD modem will have performance similar to the DEM, but with the reduced size and power consumption afforded by an ASIC implementation. The RADD modem chip-set also contains the demodulator and decoder n d e d for the low-cost implementation of the ground terminals.
While the coded modulation techniques described above will serve as the baseline approach for a D3 demonstration, a modulation study is being conducted in order to determine the effect that the phased array's amplifiers and phase shifters have on a variety of modulation techniques. For example, the operating characteristics of the group of amplifiers (used to boost the EIRP and shape the beam) may largely determine the selection of constant or nonconstant envelope modulation. Further, the combined characteristics of the collection of phase shifters (used to steer the beam) are expected to affect the quality of data recovered using Mary PSK modulation. The latter concern arises because the integer portion of the desired time delay for a specific element in the array is omitted; only the decimal portion is realized in the phase shifter. For example, if the time delay required at the j-th element is n.4 wavelengths, the j-th element would have 144 degrees of phase shift relative to the reference element instead of (360n + 144) degrees. In large arrays (several wavelengths across the aperture) at wide scan angles, this effect can introduce signtficant intersysmbol interference (ISI) across the wavefront due to pulse overlap among elements at the extremes of the array. The effect is strongly dependent on symbol rate, carrier frequency, array aperture size, and scan angle. LeRC is beginning to simulate these array-modulation interactions, and is developing a test facility to fully characterize the effects. These results should be used to codesign of the modulation and phased array for improved performance in an operational version of a D3 system.
GROUND SEGMENT
The D3 ground segment will consist of one or possibly several tracking terminals to handle the large amount of data transmitted from the LEO spacecraft to Earth. Plans are for NASA LeRC to initially develop a prototype receive-only K-band traclung ground terminal for use in a series of timely demonstrations for commercial and NASA applications. Development of these small, low cost tracking terminals can be beneficial in establishing a number of downlink sites in an affordable D3 system, such that the effective cost of system operations is reduced significantly in comparison to a network of much larger X-band terminals or LEO-to-GEO relays through NASA's TDRSS. Also, if desired, the small terminals can be co-located with the principle investigator, so that the science data can be retrieved in a faster, more convenient manner than the configuration requiring firther data distribution via the commercial terrestrial telecommunications network.
The D3 tracking terminal will enable direct data reception at rates up to 622 Mb/s from the space-based K-band transmit array, and demonstrate terrestrial network interoperability at the highest data rate commercially and readily available at the time of demonstration. The primary goals driving the development of the D3 tracking ground terminals are: to " i z e cost and ensure commercial transferability; provide an end-user BER of 10-l' or better; and demonstrate terrestrial network interoperability .
NASA LeRC is leveraging on-going commercial K-band technology development along with its own investment in K-band RF components, antennas, higher order digital modulation and coding described above, and ACTS to achieve these goals. In an attempt to ze the cost of the terminals, commercial-off-thetechnology will be utilized to the fullest system RADD antenna system, or TAS, will consist of a antenna, a K-band circularly with tracking positioner, sohare. The TAS tracking the various envisioned in the to acquire and the full time of be about 4.5-minutdp, depending on ground elevation angle and altitude. The 1.8 meter parabolic reflector with a polarized feed will operate at a receive Assuming 55% the gain and half-power beamwidth at and 0.68degrees, respectively. The will utilize orbital element sets will allow for ease-of-use by the system operator. Remote control and monitor of test instrumentation, visual display of satellite track, velocity, altitude, position, terminal health status, schedule orbital pass information, and other pertinent information are to be provided within the various sofhvare modules.
Next Generation Terminal Technologies
Future versions of the D3 terminal will incorporate autonomous operation and commercially compatible high throughput data interfaces to ensure that all received data is delivered to the end user before the next downlink burst arrives. As well, two emerging technologies show promise for future terminal architectures: integrated cryogenic receivers (cryoreceivers) and scanning reflectarray antennas (reflectarrays). Each may offer considerable cost and pedormance advantages for both the ground and space segment of the D3 system. is not required. Hence, the r e f l n y combines the best attributes of a parabolic reflector and a direct " g phased array. That is, a reflectarray provides the electronic beam Steering capability of a direct " g array and is competitive with steerable parabolic reflectors and probably superiorto MMIC arrays interms ofmant&xtumg cost and efciency. A Ka-band passive 276 spiral antenna element reflectarray is being characterized to determine overall efficiency i n c l u w spillover, element loss, and crosspolarkdon effects.
DEMONSTRATIONS AND APPLICATIONS
NASA LeRC is currently investigating flights of opportunity to demonstrate the D3 concepts and technologies in a space experiment. Using best commercial practices, flight models of the K-band transmit phased array antenna and digital encoder/modulator will be developed for a Hitchhiker class risk mitigation experiment aboard the Space Shuttle. Candidate programs within NASA for application of the K-band D3 approach include New Millennium near-Earth missions, Space Shuttle, International Space Station, and future Earth Observing System spacecraft. Opportunities for demonstrations in commercial and other government applications are also being investigated, including communications satellite links to terrestrial gateway terminals, and remote sensing data return.
CONCLUSION
The D3 system concept and the enabling space and ground segment technologies have been described. Kband phased array antennas will enable wide bandwidth downlinks from LEO science and communications spacecraft to strategically placed tracking ground terminals. During an average pass of 4.5 minutes, a D3 system operaat a total burst throughput of 622 Mb/s will deliver about 20 Gigabytes of data to the ground. Efficient digital modulation and coding will enable quality of service commensurate with that of terrestrial fiber optic cable, with no increase in bandwidth requirements over modulation techniques in common use in today's satellite systems. Ground terminals that are able to acquire and track the LEO spacecraft autonomously will provide an inexpensive alternative to larger X-band systems. The use of standard data rates and formats will enable interoperability with the commercial terrestrial telecommunications network, providmg rapid and cost-competitive data distribution to widely distributed end users and archive facilities. For NASA science spacecraft and inhabited space vehicles and platforms in LEO, the K-band D3 concept represents a new paradigm in data delivery systems; one that at once, draws on and enhances emerging commercial communications technologies and services.
